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Stat3 is a member of a family of transcription factors with SH2 domains that are activated by tyrosine phosphorylation in response to a wide variety of cytokines and growth factors. In this study, we investigated the mechanism of Stat3 activation by the Src family of non-receptor tyrosine kinases, which have been linked to Stat activation in both normal and transformed cell types. Using Sf-9 insect cells, we demonstrate direct Stat3 tyrosine phosphorylation and stimulation of DNA binding activity by five members of the Src kinase family (Src, Hck, Lyn, Fyn, and Fgr). We also observed stable Stat3-Src family kinase complex formation in this system. Recombinant Src family kinase SH3 domains were 4 induce a transformed phenotype in fibroblasts, providing evidence for an essential role of this SH3-mediated interaction to overall regulation of kinase activity (18, 19) . Together, these SH2 and SH3-mediated interactions work through an allosteric mechanism to push the two lobes of the kinase domain together, thus preventing substrate binding and stabilizing the inactive form of the kinase domain.
The crystal structures of the down-regulated forms of Src family kinases suggest that physiological protein-protein interactions through these domains may induce transient kinase activation, leading to substrate phosphorylation. In this report, we investigated the SH3-dependent interaction of the Stat3 transcription factor with Src family kinases in vitro and in vivo. Stats are latent cytoplasmic transcription factors that become activated by tyrosine phosphorylation, which induces Stat dimerization, nuclear translocation and transcriptional regulation (20, 21) . A growing body of evidence strongly supports the idea that Stats are substrates for Src family kinases, particularly Stat3 (22) . For example, transformation of rodent fibroblasts with constitutively activated Src kinases results in strong activation of Stat3 , and activation appears to be essential for transformation (23) (24) (25) (26) ).
Here we show that Stat3 is a direct substrate for all members of the Src kinase family tested, and that the SH3 domains of Src kinases are sufficient for Stat3 binding in vitro. 
Expression of GST-SH3 domain fusion proteins and Stat3 binding assay -For GST-
SH3 fusion protein expression, PCR fragments encoding the SH3 domains of Hck, c-Src, Lyn, Fyn and Hck-W93A were subcloned into the bacterial expression vector pGEX-2T (Amersham Biosciences). GST and GST-SH3 fusion proteins were expressed in E. coli and immobilized on GSH-agaose beads as described elsewhere (30, 31) . Clarified lysates from Sf-9 cells expressing recombinant Stat3 were incubated with 10 µg of each GST-SH3 fusion protein or GST alone for 2 h at 4° C. Stat3-SH3 complexes were precipitated by centrifugation, washed extensively in RIPA buffer, and eluted by heating in SDS-PAGE sample buffer. The samples were resolved by SDS-PAGE and Stat3 was detected by immunoblotting.
Electrophoretic Mobility Shift Assay (EMSA) for Stat3 -
The sis-inducible element (SIE) double-stranded oligonucleotide probe for Stat3 binding was 32 P-labeled as described elsewhere (24, 28) . The Stat3 EMSA was performed on equal amounts of nuclear protein extracts (1-5 µg protein) from Rat-2 fibroblasts prepared as described by Skorski, et al. (32) . Binding reactions (20 µl) contained 40,000 cpm of SIE probe in 10 mM HEPES, pH 7.9, 25 mM KCl, 0.5 mM DTT, 0.5 mM EDTA, 1 µg poly dI@dC, and 5 µg bovine serum albumin. Control reactions for binding specificity contained a 100-fold molar excess of unlabeled SIE probe. Binding reactions were incubated at 30/ C for 30 min and quenched on ice. Stat3-SIE complexes were resolved on 5% non-denaturing polyacrylamide gels, and radiolabeled bands were visualized by autoradiography.
Production of recombinant retroviruses and transformation assays -Retroviral
expression vectors for wild-type Hck, the activated tail mutant (Hck-YF), and kinasedefective Hck (Hck-KE) have been described elsewhere (18, 33, 34) . The SH3-inactivating mutation W93A was introduced into full-length Hck using the Gene Editor oligonucleotidedirected mutagenesis kit (Promega). This mutation was combined with Hck-YF by restriction fragment swapping to create Hck-YFW. These Hck clones as well as the coding sequences for GFP, Stat3, and Stat3-2PA were subcloned into the retroviral expression vector pSRαMSVtkneo (35) . These vectors were used to generate high-titer retroviral stocks in 293T cells by co-transfection with an ecotropic packaging vector (36 Densitometer and colony-counting software (37) .
In vitro kinase assay -Rat-2 fibroblasts stably expressing GFP, Stat3 or Stat3-2PA
were infected with c-Src or Hck retroviruses as described above. Kinase activity was assessed 48 h later using the in vitro kinase assay described elsewhere (18, 27 (22, 40) . To investigate whether Stat3 is a direct substrate for the Src kinase family, c-Src, Hck, Lyn, Fyn and Fgr were co-expressed with Stat3 in Sf-9 insect cells using recombinant baculovirus vectors. Sf-9 cells provide a useful system to study direct tyrosine kinase-Stat3 interaction, because they lack homologs of mammalian tyrosine kinases involved in Stat3 activation (28, 41) . In addition, Src family kinases are constitutively active in Sf-9 cells due to the absence of Csk. Stat3 was immunoprecipitated from co-infected cell lysates and immunoblotted with anti-phosphotyrosine antibodies. As shown in Figure   1 , Stat3 was strongly phosphorylated by all of the Src family members tested.
Immunoblotting of a duplicate membrane with phosphospecific antibodies that recognize 
Stat3 forms stable complexes with Src family kinases -Previous reports have shown
that Src can be co-immunoprecipitated with Stat3 from fibroblasts and other cell types,
suggesting that these proteins interact in vivo (25, 42) . To determine if this interaction is dependent upon other mammalian proteins, Src kinases were co-expressed with a GST-Stat3 fusion protein in Sf-9 insect cells. GST-Stat3 was precipitated from Sf-9 cell lysates with GSH-agarose beads, and Stat3-bound Src kinases were detected by immunoblotting. As shown in Figure 3 , all of the Src kinases tested in this assay readily formed complexes with GST-Stat3, while no interaction was observed with GST alone.
These results indicate that Src family kinases have the potential to bind directly to Stat3 in vivo. Control blots show that GST and GST-Stat3 were expressed at the same level in the infected cell lysates, and that each culture contained the same amount of each active Src family member. We also investigated the dependence of the interaction on tyrosine phosphorylation using a kinase-defective mutant of Hck. This mutant also formed a stable complex with GST-Stat3, indicating that recruitment of Stat3 is independent of kinase function (data not shown). Nuclear extracts were prepared from these cells and analyzed for active Stat3 by EMSA using the same SIE probe described above for the Sf-9 cell experiments. As shown in Figure 5A , Rat-2 fibroblasts expressing Hck-YF showed strong Stat3/SIE complex formation, consistent with the transformed phenotype. In contrast, Stat3 DNA binding activity was not observed in Rat-2 cells expressing wild-type Hck. These results suggest that Stat3 is an endogenous substrate for Hck in mammalian cells.
Src family kinase SH3 domains bind Stat3 in vitro -
To address whether the SH3 domain of Hck is required for Stat3 activation in fibroblasts, the Hck-YF mutant was combined with the W93A SH3 mutation to create the double mutant, Hck-YFW. The W93A mutation was shown to block binding of the Hck SH3 domain to Stat3 in Figure 4C . The Hck-YFW mutant was expressed in Rat-2 fibroblasts, and Stat3 DNA binding activity was assessed by EMSA. As shown in Figure 5A , the SH3 mutation completely blocked the ability of Hck-YF to activate endogenous Stat3. As a control, the W93A mutation was also introduced into wild-type Hck, and the effect of this SH3 mutation on endogenous Stat3 activation was assessed by gel-shift assay. Figure 5A shows that this mutant was also unable to activate endogenous Stat3, despite release of kinase activity as a result of the mutation (see below). These results provide evidence for an SH3-dependent mechanism of Stat3 recognition by Src family kinases in vivo.
To immunoblotting with phosphospecific antibodies for the phosphorylated activation loop. We also examined tyrosine phosphorylation of p40, an endogenous Hck substrate reported previously (18, 27, 33, 34) . Figure 6 shows that p40 is phosphorylated on tyrosine by both showed lower focus-and colony-forming activities relative to Hck-YF, despite readily detectable autophosphorylation ( Figure 6 ). This is because the SH3 domain mutation has two opposing actions on Hck transforming function. On one hand, the W93A mutation releases the SH3 domain from the SH2-kinase linker, leading to loss of negative regulation.
On the other hand, this mutation also uncouples Hck from Stat3 and other substrates that are recruited via SH3. The net effect is the partial transforming phenotype seen in In a related experiment, we found that the W93A mutation released the Hck kinase domain from negative regulation in vivo, yet this mutant was also unable to recruit and activate 
